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Received 19 June 2006; received in revised form 23 August 2006; accepted 30 August 2006AbstractThe Chilean lake district includes diverse lentic ecosystems along ca. 700 km of the country (361–431S), including the
‘‘Nahuelbutan lakes’’, ‘‘Araucanian lakes’’ and ‘‘Chiloe lakes’’. This area is recognized as an important ‘‘hot spot’’ of
benthic freshwater biodiversity in Southern South America. In Chilean temperate lakes, increased nutrient loads of P
and N caused eutrophication, particularly in the Nahuelbutan Lakes. The freshwater Hyriidae mussel Diplodon
chilensis (Gray, 1828) which is one of the most abundant species in Chilean temperate lakes, is known to be very
susceptible to eutrophication. This species presents a clear reduction in its geographic ranges and is considered to be a
threatened species in many Chilean lakes. In this study, we used a correlative approach to determine how
eutrophication-driven changes in the food supply and in geographical parameters of different Chilean lakes affected
the shell growth rates of D. chilensis. The results obtained from sclerochronological analyses of the mussel shells
suggest an association with a group of environmental variables, including geographical types (negative), such as
latitude and altitude, and limnological types (positive), especially phosphorous and turbidity. However, the D. chilensis
populations under extreme conditions of turbidity in eutrophic and hypertrophic lakes are extinct or nearly so. The
high positive correlation of the mean D. chilensis growth rates with orthophosphate (R ¼ 0.76; Po0.05), in relation to
dissolved inorganic nitrogen, suggests that P is the major limiting factor of the primary productivity in Chilean
temperate lakes. We discuss some implications of our results in terms of the conservation of biodiversity in temperate
lake ecosystems at different taxonomic levels.
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ess: cvaldovi@udec.cl (C. Valdovinos).including the ‘‘Nahuelbutan lakes’’ (Parra et al., 2003),
‘‘Araucanian lakes’’ (Campos 1984) and ‘‘Chiloe lakes’’
(Villalobos et al., 2003). This area is recognized as an
important ‘‘hot spot’’ of benthic freshwater biodiversity
at the southern end of South America (Valdovinos
2006). Particulary the Araucanian and Patagonian lakes
show some important characteristics which are different
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literature. According to Soto (2002) and Geller (1992),
some characteristics of Chile’s monomictic temperate
lakes are: (a) very low chlorophyll-a concentrations, (b)
high water transparency, (c) low productivity, and (d)
some apparent resistance to disturbances such as
phosphorus additions. Comparisons of these lakes with
similar lakes in the Northern Hemisphere revealed that
the Chilean lakes have lower than expected chlorophyll-
a concentrations given their present phosphorus con-
centrations (see Baigun & Marinone 1995; Soto 2002;
Soto & Stockner 1996). In contrast, Nahuelbutan Lakes
are monomictic temperate lakes with a high degree of
variation in their limnological characteristics. According
to Parra et al. (2003), some properties of these lakes are:
(a) from low to very high chlorophyll-a concentrations,
(b) from very low to high water transparency, (c) from
low to very high productivity and (d) a lack of apparent
resistance to disturbances such as phosphorus additions.
Increased anthropogenic loads of phosphorous (P) and
nitrogen (N) are major agents of the trophic change
among freshwater ecosystems worldwide (Dudgeon et
al. 2006). In Chilean temperate lake, land-derived P and
N loads have increased during the twentieth century due
primarily to agriculture, forestry, ﬁsh farming, and
wastewater from residential sprawl (Soto & Mena 1999;
Parra et al. 2003; Woelﬂ, Villalobos, & Parra 2003).
These increased deliveries of P and N have prompted
eutrophication in many temperate Chilean lakes, parti-
cularly the Nahuelbutan Lakes (Parra et al., 2003).
The freshwater Hyriidae mussel Diplodon chilensis
(Gray, 1828) and the Sphaeriidae pill clam Pisidium
chilense (d’Orbigny, 1846), historically two of the most
abundant species in Chilean temperate lakes (Valdovi-
nos 2006), are among the most susceptible to the effects
of eutrophication (Parra et al. 2003; Valdovinos 2006).
According to Valdovinos, Olmos, & Moya (2005) and
Valdovinos (2006), both species show a signiﬁcant
reduction in their geographic ranges and are considered
to be threatened species in many Chilean lakes. A
number of studies have addressed a variety of factors
that may affect bivalve growth and survival (Grant
1996; Carmichael, Shriver, & Valiela 2004; and many
others), but few have considered how eutrophication
might change these observations. A critical reading of
the literature reveals that bivalves may respond both
positively and negatively to eutrophication (Chalfoun,
McClelland, & Valiela 1994; Evgenidou & Valiela 2002).
D. chilensis is the most common freshwater mussel
species in Chile, with a national distribution extending
from 341580S to 461370S and including both lentic and
lotic environments in a number of hydrographic basins
(Parada, Peredo, Lara, & Valdevenito 1989; Peredo &
Parada 1986; Peredo, Garrido, & Parada 1990; Parada
& Peredo 2002; Lara, Parada, & Peredo 2002). The
species is also present in Argentina between 321520S and451510S (Bonetto 1973). The role of this species in the
ecosystem has been amply documented. Through their
ﬁlter-feeding (Valdovinos & Cuevas 1996; Soto & Mena
1999) and because they are long-lived organisms, they
may inﬂuence the abundance of phytoplanktonic com-
munities, water quality, and the nutrient cycle (Soto &
Mena 1999). In recent decades, a considerable reduction
in D. chilensis abundance and/or disappearance of
populations has been noted (Parada & Peredo 2005;
Peredo, Parada, Valdebenito, & Peredo 2005). This
decline may be attributed mainly to the degradation of
water quality (e.g., eutrophication and siltation), but no
clear quantitative cause–effect evidence of this phenom-
enon is available. To date, there do not exist any
proposals in Chile to protect the hyriid populations
faced with anthropogenic disturbances (Parada &
Peredo 2005).
Ecologists are frequently concerned with historical
reconstructions of environmental events and temporal
and spatial tendencies. In the absence of historical data,
the ecologist, like the paleontologist, is confronted with
the problem of after-the-fact data acquisition. Periodic
growth bands (annual and intra-annual) in the shells of
bivalve mollusks may provide information about
historical changes in temperate freshwater ecosystems
(White 1998). As a corollary, it is necessary to under-
stand how growth bands of the shells change along
gradients of environmental variables (e.g., nutrients,
temperature).
The shells of bivalve mollusks are composed of
calcium carbonate in the form of calcite (nacreous
layer) and aragonite (prismatic layer) and an acid
resistant organic matrix composed predominantly of
glycoprotein, called conchiolin (Wilbur 1964). Radially
concentric lines are visible on bivalve shells in areas in
which there is a high ratio of conchiolin to calcium
carbonate. The relationship between freshwater shell
growth lines and environmental variation was ﬁrst
examined by Coker, Shira, Clark, & Howard (1921),
who found that picking up and measuring a freshwater
bivalve (i.e., disturbing it) invariably caused a ﬁne dark
line to be formed on the shell before growth was
resumed. Further investigation revealed two types of
shell growth lines in freshwater bivalve mollusks from
temperate climates: dark, macroscopic lines (annuli)
associated with winter growth cessations and ﬁner
microscopic lines (intra-annual) that are laid down
throughout the summer growing season (Coker et al.,
1921; Chamberlain 1931). These structures are also
visible as opaque lines in shell cross sections.
There has been debate about the annularity of the
macroscopic growth lines (e.g., Downing & Downing
1992), but mark-recovery and oxygen isotope studies
have veriﬁed that these lines are laid down annually in
many freshwater bivalve species including Pyganodon
grandis (Negus 1966; Haukioja & Hakala 1978; Ghent,
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Veinott & Cornett 1996). These annual shell growth
lines allow age determination and individual ontogenic
growth histories. They also allow the examination of
inter-annual variations in growth rates from samples
collected on one occasion (Jones, Arthur, & Allard
1989). If strong relationships between annual shell
growth rates of the mussel D. chilensis and speciﬁc
environmental conditions were detected, annual shell
growth line analysis would provide a powerful technique
for recognizing trends in environmental conditions of
Chilean freshwater ecosystems and their associated
biological effects, with important implications for
biodiversity conservation.
In this study, we determined following a correlative
approach, how eutrophication-driven changes in food
supply and geographical parameters of different lakes,
affected the growth rates of the mussel D. chilensis. To
do this, we ﬁrst determined mean yearly growth, using a
sclerochronological analysis. We then correlate these
values with geographical, morphometric, and limnolo-
gical parameters described in the literature, and discuss
the signiﬁcance of these results in terms of the
biodiversity conservation of the Chilean lakes.Material and methods
Sampling
A total of 62 sites covering 31 lakes of different
latitudes, altitudes, morphometry, nutrient content (P
and N), and turbidity were studied for the presence of
Diplodon chilensis in 2005 and 2006 (Fig. 1, Table 1).
Considering that the objectives of this study do not seek
an analysis of populational densities neither of classes of
size of the organisms, two sites per lake were considered
appropriate. Surveys were conducted based on the
method used by Reis (2003), adapted for a lake littoral
zone. All different habitats of the littoral zone at each
site were searched using a glass-bottomed box. In typical
sampling campaigns, 2–3 coworkers waded in the
shallow areas (water depth mostly 10–70 cm) along the
banks and picked out the mussels manually. At each site
where mussel populations were found, 60 individuals
were collected for sclerochronological analyses (except
at Lanalhue and Rin˜ihue lakes, where only two speci-
mens were collected per site).
Sclerochronological analysis
We standardized the samples for analysis by con-
sidering only individuals of ca. 5 years old; at least 15
individuals with clear external growth lines were used
per site (except from Lanalhue and Rin˜ihue lakes). Priorto analysis, we validated the correspondence between
external and internal bands in individuals from Lleulleu
Lake. External bands were measured by transmitting
light through the shell and measuring the distance
between successive growth bands with dividers. In all
cases, the periostracum was removed; measurements
were made with a caliper before and after the
periostracum removal in order to reveal the external
bands more clearly, especially in older individuals. The
internal shell lines of the Lleulleu Lake individuals were
exposed using the methods described by Brousseau
(1984). One valve of each specimen was sectioned
longitudinally along a plane passing through the umbo
and approximately bisecting the posterior margin. The
cross-sections were then polished on a standard lapidary
wheel and mounted on a glass slide. Thin sections were
cut and etched for 30 s in 1% HCl. After drying, the
sections were stained in Fiegl’s solution (Warne 1962),
which stains speciﬁcally for aragonite, turning it black
on contact. The etched, thin sections of D. chilensis
shells were examined with a compound microscope and
revealed an alternating pattern of dark and light bands.
According to our observations, the inner shell layer of
D. chilensis from Lleulleu Lake is composed of three
sublayers: (a) nacre, (b) irregular prismatic and (c)
irregular and homogeneous prismatic. In this study, it
appears that the dark lines represent the prismatic
sublayers and the lighter bands the nacre. We used the
external annual shell growth lines of 5-year-old indivi-
duals to calculate the mean annual mussel growth
(average shell length increment yr1).Environmental data
The geographic parameters of the lakes (i.e., latitude,
longitude, altitude) were obtained from IGM cartogra-
phy (Instituto Geogra´ﬁco Militar, Chile; 1:250.000). The
morphometric data (surface area, mean depth), chemical
data (total phosphorus, total-P; orthophosphate, PO4;
dissolved inorganic nitrogen, DIN), and turbidity
(Secchi disk transparency) were obtained from the
literature and from the unpublished database at the
Center of Environmental Sciences EULA – Chile,
University of Concepcion. The use of this type of
information of the literature presents certain limitations,
however it is a valid alternative when more recent
information does not exist. We considered these
environmental parameters because they are ecologically
important and because they are available for all the
lakes, at least for one seasonal cycle in the case of
physico-chemical parameters (we worked with the data
set’s mean values). We did not include in the statistical
analyses the oxygen data, considering that there do not
exist data for the interface water–sediment of shallow
water areas (0–15m), in none of the studied lakes.
ARTICLE IN PRESS
Fig. 1. Geographical distribution of the studied lakes along Chile, indicating the status of the Diplodon chilensis populations (see
symbols).
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analyses because there is no information for all the
studied lakes available. However, the scarce data of
these parameters were incorporated in the discussion of
this study. In the case of lake surface water tempera-
tures, we preferred to analyze latitude and altitude data,
considering them to be important forcing factors of the
lake temperature (see Geller 1992).
Statistical analysis
We conducted simple linear correlation analyses to
evaluate the associations among the environmental
parameters of the lakes and between these parameters
and the mean D. chilensis growth rate. Latitude and
longitude were transformed to Universal Transverse
Mercator System (UTM) units for the correlations. We
used data from two sites at each lake to calculate the
mean annual mussel growth per lake (expressed in mm
yr1). Using multiple regression, we tested whether the
environmental parameters (latitude, altitude, surfacearea, mean depth, total-P, PO4, DIN, Secchi disk
transparency) affected the mean annual mussel growth
of D. chilensis. All data were log-transformed to stabilize
the variances. These analyses were performed using the
program Statistica (Statsoft 1996).Results
Populations of the mussel D. chilensis were recorded in
23 (74.2%) of the studied lakes (Fig. 1). The populations
in Lanalhue Lake were considered to be terminal (on the
edge of the extirpation) due to their extremely low
densities (o1Nkm2). This contrasts with the high
quantity of periostracum found in cores from this lake,
which evidence an extensive presence of D. chilensis
populations in the past (unpublished data). In seven of
the 31 lakes studied, D. chilensis was not recorded in spite
of high sampling efforts. As in Lanalhue Lake, the large
amount of periostracum in cores suggests the recent
extirpation of these populations.
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Table 1. Environmental data for the lakes considered in this study
Lake Latitude
(S)
Longitude
(W)
Altitude
(m)
Lake
area
(km2)
Mean
depth
(m)
Secchi
(m)
Total-P
(mgL1)
PO4-P
(mgL1)
DIN
(mgL1)
References
Tres Pascualas 361 830 731 030 5 0.08 2.0 0.7 280.0 56.0 2174.7 1, 2
Lo Me´ndez 361 500 731 020 5 0.045 2.5 1.1 100.0 12.5 580.5 1, 2
Lo Galindo 361 480 731 020 5 0.040 2.9 0.4 330.0 19.3 1164.6 1, 2
Redonda 361 500 731 020 5 0.03 9.9 2.8 20.0 12.5 91.1 1, 2
Chica San Pedro 361 510 731 050 5 0.82 10.3 5.2 4.9 3.1 250.0 3, 4
Grande San Pedro 361 510 731 060 4 1.55 8.3 3.7 11.9 5.9 196.0 3, 4
Posada 361 560 731 100 7 0.10 3.7 2.8 5.2 2.1 163.0 2
Quin˜enco 361 590 731 070 5 0.29 3.0 1.5 11.8 7.0 154.0 3
Lanalhue 371 550 731 190 12 31.90 13.1 3.0 13.2 8.0 166.0 3, 4
Lleulleu 381 090 731 190 20 39.80 23.5 8.0 3.4 2.0 225.0 3, 4
Laja 371 220 711 100 1360 95.0 65.0 15.6 10.1 6.5 83.3 2
Galletue´ 381 410 711 170 1152 12.50 27.0 10.1 3.75 0.73 42.0 5
Icalma 381 470 711 180 1150 9.80 66.0 18.5 4.0 0.85 53.2 5
Caburga 391 070 711 450 505 325.00 170.0 11.0 14.0 2.0 18.0 6
Villarrica 391 180 721 050 250 175.88 120.0 11.0 25.4 6.0 95.0 7
Calafque´n 391 320 721 090 203 120.60 115.0 14.5 8.3 3.5 32.9 8
Panguipulli 391 430 721 130 140 116.90 126.0 17.0 12.3 3.9 21.9 9
Rin˜ihue 391 500 721 200 117 87.90 162.0 13.0 14.2 5.8 29.4 10, 11, 12
Pirihueico 391 570 711 480 586 30.45 62.0 21.0 5.6 1.2 17.9 13
Lacar 401 140 711 300 625 49.00 166.0 20.0 4.0 1.1 16.5 2
Ranco 401 140 721 230 69 424.60 122.0 12.0 5.1 2.3 20.0 14
Puyehue 401 100 721 280 184 165.00 76.0 8.3 8.1 3.6 31.2 15
Rupanco 401 500 721 260 118 236.00 162.0 14.4 5.0 2.1 23.5 16
Todos los Santos 411 080 721 120 189 178.00 191.0 10.2 2.1 0.9 18.8 17
Llanquihue 411 080 721 470 51 870.00 182.0 15.1 5.3 2.1 12.4 18, 19
Huillinco* 401 400 731 570 13 19.10 20.7 2.8 496.9 88.3 1942.3 20
Cucao* 421 380 741 400 10 10.60 12.0 2.7 223.0 16.9 590.0 20
Tarahuı´n 421 430 731 450 66 7.70 22.2 4.5 23.5 3.4 42.7 20
Tepuhueico 421 470 731 580 25 14.30 14.3 3.1 15.9 2.8 113.2 20
Natri 421 470 731 500 39 7.80 35.0 4.9 23.6 5.7 135.7 20
Yelcho 431 180 721 190 44 120.00 135.0 7.0 6.9 4.1 18.3 2, 19
(a) Geographic parameters (i.e., latitude, longitude, altitude), (b) morphometric data (surface area, mean depth) and (c) water column data (total
phosphorus, total-P; orthophosphate, PO4-P; dissolved inorganic nitrogen, DIN); and turbidity (Secchi disk transparency). References: 1 ¼ Parra,
Jara, & Guzma´n (1989), 2 ¼ unpublished data base of the Center of Environmental Sciences EULA – Chile, University of Concepcion, 3 ¼ Parra et
al. (2003), 4 ¼ Valdovinos & Figueroa (2000), 5 ¼ Parra et al. (1993), 6 ¼ Campos et al. (1987b), 7 ¼ Campos et al. (1983), 8 ¼ Campos et al.
(1981a), 9 ¼ Campos et al. (1981b), 10 ¼ Campos et al. (1978a), 11 ¼ Campos et al. (1987a), 12 ¼Woelﬂ et al. (2003), 13 ¼ Campos et al. (1978b),
14 ¼ Campos et al. (1982), 15 ¼ Campos et al. (1989), 16 ¼ Campos et al. (1992), 17 ¼ Campos et al. (1990), 18 ¼ Campos et al. (1988), 19 ¼ Soto
(2002), 20 ¼ Villalobos et al. (2003). *Brackish lakes.
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sidered in this study. These values vary greatly in either
their geographical, morphometric, or water quality
parameters, presenting the following ranges: (a) latitude:
361480–431180S (Lo Galindo – Yelcho), (b) longitude:
711170–731580W (Galletue´ – Tepuhueico), (c) altitude:
4–1150m asl (Grande San Pedro – Icalma), (d) surface
area: 0.040–870 km2 (Lo Galindo – Llanquihue), (e)
mean depth: 2–182m (Tres Pascualas–Llanquihue), (f)
Secchi disk transparency: 0.7–21.0m (Tres Pascualas –
Pirihueico), (g) total phosphorous: 2.1–496.9 mgL1
(Todos los Santos – Huillinco), (h) orthophosphate:
0.9–88.3 mgL1 (Todos los Santos – Huillinco) and
(i) dissolved inorganic nitrogen: 12.4–1164.6 mgL1(Llanquihue – Lo Galindo). The meromictic lakes
Huillinco and Cucao differed from the rest of the lakes
because of their high ﬂuctuating conductivities, asso-
ciated to their partial connection to the sea (ranges:
Huillinco Lake 18,650–37,400mS cm1, Cucao Lake
9,757–19,010mS cm1). Pearson’s correlation analysis
for all the environmental variables (Fig. 2) showed a
signiﬁcant negative correlation between orthophosphate
and Secchi disk transparency (R ¼ 0.50, Po0.05;
Fig. 2(e)) and a signiﬁcant positive correlation between
orthophosphate and total phosphorous (R ¼ 0.64,
Po0.05; Fig. 2(c)), but no correlation between
orthophosphate and dissolved inorganic nitrogen
(Fig. 2(d)).
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Fig. 2. Pearson’s correlations between the environmental parameters considered in this study. Only lakes with Diplodon chilensis
populations are included. Abbreviations as in Fig. 1.
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chilensis individuals ranged widely, from 5 to
10mmyr1 (Todos los Santos–Lanalhue; the last one
based on two individuals), and averaged to
6.971.7mmyr1. The Pearson’s correlation for D.
chilensis growth rates and the environmental parameters
showed signiﬁcant negative linear correlations with
altitude (Fig. 3(b)) and Secchi disk transparency (Fig.
3(c)) and positive correlations with dissolved inorganic
nitrogen (Fig. 3(d)), total phosphorous (Fig. 3(e)) and
orthophosphate (Fig. 3(f)), but not with latitude (Fig.
3(a)). However, these isolated variables fail to provide a
sufﬁcient explanation for the variability of D. chilensis
growth rates. The multiple regression analyses, on the
other hand, suggest that the environmental parameters,
including latitude, altitude and orthophosphate, had an
important impact on the mean annual growth rate of D.
chilensis (R ¼ 0.92, adjusted-R2 ¼ 0.78, Po0.00001).
The Beta, B, and P-levels of the multiple regressions
are shown in Table 2. The negative association between
growth rates of D. chilensis and the geographical
variables indicates an association with the temperature
of the aquatic ecosystems, whereas the positive associa-
tion with nutrients, especially orthophosphate, is in-
dicative of an association with primary productivity,
particularly the quantity of phytoplankton and the
trophic state of the lakes.
The range of turbidity (measured as Secchi disk
transparency) explain little of the variance in the
mussel’s growth rates. However, a dispersion diagram
between orthophosphate and Secchi disk transparency
that included the lakes with no D. chilensis populations,
suggests that high turbidity limits the growth of the
mussels (Fig. 4). In fact, D. chilensis tends to be absent
or at risk for local extirpation (Lanalhue Lake) in lakes
with Secchi disk transparency values lower than 3m.
Thus, the extirpation of the mussels seems to be related
to turbidity (Secchi disk transparency) and is more or
less independently of the nutrient concentration (e.g.,
orthophosphate). In the lakes Huillinco and Cucao D.
chilensis was not registered, probably because of the
high salinities of these meromictic lakes. The oligo-
trophic Laja Lake, which had no D. chilensis popula-
tions, was excluded from the analysis because of its
extremely low benthic biodiversity which was related to
water-level ﬂuctuations caused by hydroelectric power
plants (unpublished data).Discussion
The results obtained in the sclerochronological
analyses of the D. chilensis shells suggest an association
between D. chilensis growth rates with a group of
environmental variables including geographical types,
such as latitude and altitude, and limnological types,especially P and turbidity (Fig. 3; Table 2). The negative
association between D. chilensis growth rates and the
geographical variables indicates an association with the
water temperature, which has been broadly studied by
Geller (1992) and Geller, Hannappel, & Campos (1997).
Consequently, within the latitudinal and longitudinal
gradient considered in this study, water temperatures
would inﬂuence bivalve metabolic rates in such a way
that lower temperatures (e.g., due to high altitudes and/
or latitudes) result in lower metabolic activities and
growth rates compared to more temperate areas.
The sclerochronological responses to the thermal
regime have been studied for freshwater and marine
bivalves. For example, Jones (1981) and Jones et al.
(1989) reported that systematic variations in annual
growth increments in the shells of the bivalve Mercnaria
mercenaria had a strong positive correlation with mean
annual surface temperatures, whereas the growth rates
of Spisula solidissima were negatively correlated with
mean annual surface temperatures. These authors
concluded that annual growth increments in these
mollusk shells reﬂect changes in the aquatic environ-
ment and may be useful monitors of thermal pollution
and indicators of paleotemperature.
The positive association between the D. chilensis
growth rate and nutrients, especially orthophosphate, is
indicative of an association with primary productivity
and, particularly, the quantity of phytoplankton (Fig. 3;
Table 2). An interesting aspect of the results is the
positive correlation, within a certain range of values,
between orthophosphate and turbidity (and negative
with Secchi disk transparency; Fig. 2(e)), and their
possible effects on D. chilensis growth rates (Fig. 3) and
survival (Fig. 4). According to our data, turbidity in
lakes with D. chilensis populations is explained funda-
mentally by primary productivity and secondary pro-
duction in the water column. However, in highly turbid
lakes, this is largely independent of P and can be
explained by the erosive phenomena of the lacustrine
basin. As a consequence, D. chilensis populations from
eutrophic and hypertrophic lakes with high erosion
levels and high turbidity extinct or are nearly so (Fig. 4).
Valdovinos & Figueroa (2000), Cisternas, Araneda,
Martinez, & Pe´rez (2001), Mardones & Reuther (1999)
and Parra et al. (2003), extensively discuss the limnolo-
gical characteristics of these lakes.
Increased nutrient loads may initially increase food
quantity and quality for bivalves (Carmichael et al.,
2004). As land-derived P loads increase, productivity
and the N content of phytoplankton and benthic algae
also increase (Carmichael et al., 2004). Since bivalves
consume microalgae and other particles from the water
column and sediment surface (Kamermans 1994), their
initial response to enhanced nutrient loads might be
increased growth and survival (Evgenidou & Valiela
2002). As nutrient loads increase, reduced habitat
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Fig. 3. Pearson’s correlations between the mean annual growth of Diplodon chilensis and environmental parameters considered in
this study. Abbreviations as in Fig. 1.
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Table 2. Multiple regression analyses results, obtained with mean annual mussel growth of D. chilensis (dependent variable) and
the group of environmental parameters (independent variable)
Parameter Beta SE beta B SE B t(16) P-level
Intercept — — 53.834 20.464 2.630 0.0181
Latitude 0.673 0.277 7.171 2.853 2.513 0.0230
Altitude 0.790 0.367 1.843 0.856 2.151 0.0470
Orthophosphate 0.716 0.295 3.962 1.633 2.426 0.0274
R ¼ 0.92, adjusted-R2 ¼ 0.78, Po0.00001 (only signiﬁcant environmental parameters are shown).
SE ¼ standard error, Beta and B are the regression coefﬁcients.
Fig. 4. Scatter-plot of all the lakes considered in this study,
using P (orthophosphate) and turbidity (Secchi disk transpar-
ency) data. The status of the Diplodon chilensis populations
are indicated for each lake (see symbols). Abbreviations as in
Fig. 1.
C. Valdovinos, P. Pedreros / Limnologica 37 (2007) 63–75 71quality may lower bivalve growth and survival. En-
riched environments are more subjected to oxygen
depletion, as reported for the lake Laguna Grande de
San Pedro (Valdovinos & Figueroa 2000; Parra et al.,
2003). In nutrient-rich waters, the accumulation of
organic detritus from phytoplankton and macrophytes
increases the organic content of the sediments. This
process, in turn, increases the microbial biomass
(Koster, Dahlke, & Meyer-Reil 1997) and oxygen
consumption, leading to anoxic or hypoxic conditions
in near-bottom waters and sediments (Valdovinos &
Figueroa 2000). Lower oxygen concentrations asso-
ciated with nutrient enrichment, therefore, could ulti-
mately lower growth rates and reduce survival among
bivalves (Soto & Mena 1999; Borsuk, Powers, &
Peterson 2002). Nutrient enrichment may also be
associated with increased numbers of grazers that
compete with bivalves for food (Novak, Lever, &Valiela 2001) and high concentrations of suspended
particulate matter that may slow bivalve feeding rates
(see review by Box & Mossa 1999).
Eutrophic-driven changes in food quantity and
quality may affect different bivalve species in different
ways. Firstly, different species process foods differently
and consequentty assimilate foods at different rates
(Milke & Ward 2002; Ward, Levinton, & Shumway
2003). Secondly, changes in the food supply may have
varying effects on the biochemical composition of soft
tissues in different species (Ward et al., 2003). Thirdly,
some bivalves can reallocate assimilated foods to
support different types of growth under different
conditions (Carmichael et al., 2004; Peredo et al., 2005).
The high positive correlation of the mean growth rate
of D. chilensis with orthophosphate (Fig. 3(f); R ¼ 0.76;
Po0.05), in relation to dissolved inorganic nitrogen,
suggests that P is the major nutrient limiting primary
production in Chilean temperate lakes, as suggested by
Campos (1984). Comparisons between the Araucanian
Lakes and other similar lakes in the Northern Hemi-
sphere have shown that Chilean lakes have lower than
expected chlorophyll-a concentrations, given their pre-
sent phosphorus concentrations (see Introduction).
Thus, a key question arising from these comparisons is
related to the mechanisms or processes maintaining
oligotrophy in these Chilean lakes. Earlier studies
suggested that P was a strong limiting factor (Campos
1984); however, the observed nitrogen: phosphorus ratio
(N:P) for dissolved inorganic forms has frequently been
less than 10 (Soto, Campos, Parra, Zu´n˜iga, & Steffen
1994; Soto 2002). This suggests a potential N limitation,
which could explain the low responses to increased P
loading (Soto & Campos 1995; Soto 2002).
We did not include oxygen in the statistical analyses,
because in none of the studied lakes oxygen data for the
water–sediment interface in shallow waters (0–8m) was
available. However, we cannot discard the relevance of
oxygen, especially in eutrophic lakes where D. chilensis
was absent and oxygen levels might have been
decreased.
Ammonium was not included in the analyses because
of the complete lack of information for all the studied
lakes. Ammonia has been identiﬁed as a contributor to
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Hickey & Martin (1999) have indicated that for the
ﬁngernail clam Sphaerium novaezelandiae, the survival
LC50 was 3,800mgNL
1, and the reproductive value of
800mgNL1 at 60 days. No observed effect concentra-
tion (NOEC) value for both survival and reproduction
was 970mgNL1, and the lowest observed effect
concentration (LOEC) value was 5400mgNL1 for
survival after 60 days, giving a calculated threshold effect
concentration (TEC) of 2300mgNL1. The only systems
of which we have an important database of ammonium
concentrations, are the lakes of Chiloe Island (see
Villalobos et al., 2003). Of these systems, the only one
that presents particularly high ammonium concentra-
tions, is the Huillinco Lake with concentrations between
113.8 and 2,782.8mgNL1. The remaining lakes present
inferior concentrations: Cucao 10.5–303.5mgNL1, Te-
puhueico 5.6–27.3mgNL1, Tarahuin 0.7–46.1mgNL1
and Natri 0.7–37.4mgNL1. The absence of D. chilensis
in the lakes Huillinco and Cucao (both brackish lakes)
could also be associated, besides the high salinity, to the
high ammonium concentrations, situation that will be
studied in the future. It will be important to study in the
future the potential effect of the ammonium and of the
minimum of oxygen of the bottom waters, on the survival
of the populations of D. chilensis, especially in the lakes
of central Chile (e.g., Nahuelbutan Lakes).
In Chile the freshwater mussel D. chilensis is a good
model to study the effects of temperature, nutrient
enrichment, and turbidity on bivalves since this species
lives in many Chilean lakes. It is also a potential
bioindicator for the water quality of the Chilean
temperate lake ecosystems. Previously, Parada, Lara,
& Valdebenito (1989) studied the growth, age and life
span of this species, ﬁnding shell growth rates in the
range reported in our study. D. chilensis shell growth
can be measured directly and relatively rapidly.
Although shell length is the variable most commonly
used to assess bivalve growth (e.g., Brousseau 1979;
Newell & Hidu 1982), soft tissue growth is also
important. Firstly, changes in the food supply can
uncouple shell and soft tissue growth (Lewis & Cerrato
1997), indicating that shells and soft tissues may respond
differently to changes in food quantity and quality.
Secondly, the shell growth rate of freshwater bivalves
may also be related to spatial variations in habitat
characteristics (Aldridge, Payne, & Miller 1987), includ-
ing water turbulence (Hinch & Bailey 1988, Elliptio
complanata; Bailey & Green 1988, Lampsilis radiata),
water depth (Hanson, Mackay, & Prepas 1989; Ghent et
al., 1978, Pyganodon grandis; Strayer, Cole, Likens, &
Buso 1981, E. complanata) and substrate type (Kesler &
Bailey 1993, E. complanata). Finally, local spatial
variations in the lake’s primary and secondary benthic
production may be correlated with the shell growth
pattern of freshwater mussels (Mitchell 1984, E.complanata; Podemski 1992, L. radiata; Bauer 1992,
Margaritifera margaritifera). In this study, to minimize
the effects of these last factors on our results, the type of
benthic habitat sampled was standardized. However,
this did not completely eliminate some degree of
inﬂuence from the aforementioned factors on our
results.
We conclude that the shell growth rates of the mussel
D. chilensis in temperate Chilean lakes may be
associated with geographical and limnological para-
meters, mainly temperature, nutrients and turbidity.
Under oligotrophic and mesotrophic conditions, the
nutrient loads could favor the mean annual growth of
the mussels, but in eutrophic and hypertrophic lakes, the
dramatic increase in turbidity could result in local
population extirpations.
Our results suggest that the sclerochronological
records in D. chilensis, can be an useful tool for the
evaluation of the mussel populations and their habitat,
because they are indicative for eutrophication processes
of the lakes and for the risk of extirpation of the
mussels.
This study provides some implications for the
conservation of the Chilean biodiversity in temperate
lake ecosystems at different levels. (a) Genetic level:
Local extirpations of D. chilensis associated with human
interventions in lakes cause range discontinuity with
intraspeciﬁc phylogeographical consequences; the rele-
vance of this phenomenon has been demonstrated by
King, Eackles, Gjetvaj, & Hoeh (1999) for the unionidae
Lasmigona subviridis. (b) Species level: Because D.
chilensis is considered to be an threatened species in
many Chilean lakes (Valdovinos 2006), the recognition
of the main factors causing extirpation may be useful to
conservation strategies for this species and others with
similar habitat requirements. To date, there are no
proposals in Chile for the protection of hyriid popula-
tions in the face of anthropogenic disturbances (Parada
& Peredo 2005). (c) Ecosystem level: Because D. chilensis
is an important ﬁlter-feeder in Chilean lakes (Valdovi-
nos & Cuevas 1996; Soto & Mena 1999). Any
disturbance of their populations may have consequences
for the whole ecosystem. In this sense, the sclerochro-
nological records of D. chilensis may be a useful tool for
the bioindication of an ecosystem’s health (Valdovinos
et al., 1998). Our results are only correlative and should
be validated with an experimental approach to establish
cause–effect relationships. However, we think that our
results are an useful starting point for future, more
conclusive studies.Acknowledgments
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